Abstract--In this study, we investigate the output maximization of salient-pole synchronous machines by using small amount of Nd-Fe-B magnets. First, the mechanism of output increase by the additional magnets is revealed by using both finite element method and simple magnetic circuit. Then, the appropriate magnet shape and rotor core design are discussed. The experimental verification is carried out by using prototype machines. The advantages of the proposed design are confirmed.
I. INTRODUCTION
Salient-pole synchronous machines (SMs) are widely used for various electric power generations, for instance, hydro and wind generators. In these machines, the output power is determined by the magnetomotive force (MMF) of the field windings (FWs) on the rotor. The maximum MMF can be increased by enlarging the cross sectional area of the FWs. However, in this case, the rotor-pole bodies should be reduced in order to maintain the total machine size. This will cause the decrease in the permeability of the rotor-pole body due to the magnetic saturation. As a consequence, the maximum output power of the machine does not increase despite the increase in the MMF. This is one of the design limits of the salientpole SMs.
To overcome this design limit, the permanentmagnet-assisted salient-pole synchronous machines (PMaSMs) have been developed [1] . Fig. 1 shows the concept of the machine. The additional Nd-Fe-B PMs are inserted between the adjacent rotor-pole shoes of the salient-pole SMs. The direction of the PM flux  m at the rotor-pole body is in opposite to that produced by the FW. As a consequence, the magnetic saturation at the rotorpole body is reduced. In addition, a part of the  m directly links with the armature windings. Both of these effects contribute toward the output increase of the machine.
In this study, we investigate appropriate rotor designs of PMaSM for the output maximization without an increase in the Nd-Fe-B PMs. First, the mechanism of output increase by the additional PMs is revealed by using both finite element method and simple magnetic circuit. Then, a novel rotor design is determined from the formulation of the magnetic circuit. Table I lists the specifications of the initially designed PMaSM [1] , which is a small three-phase and four-pole machine with Nd-Fe-B magnets. Fig. 2 shows the photograph of the machine. Fig. 3 shows the fluxes separated according to field sources by using a finite element analysis (FEA) along with the frozen permeability technique [2] , [3] under noload condition. In the calculation, the magnetization of the PMs is compensated to be 1.0 T by considering the incomplete magnetization. The total flux under the noload condition can be separated into the fluxes produced by FW and PMs, respectively. It is observed that the flux produced by the PMs is mainly flow in the rotor and the direction of this flux is in opposite to that produced by the FW at the rotor-pole body. Then, the flux density at this part decreases and the permeability increases. As a consequence, the flux produced by the FW increases, thereby increasing the output. On the other hand, it is also observed that a part of the PM flux directly enters the stator. This flux also contributes toward the output increase.
II. MACHINE SPECIFICATION AND EFFECT OF MAGNETS

III. INVESTIGATION BY MAGNETIC CIRCUIT
Next, the effects of the PMs are investigated by using a simple magnetic circuit in order to maximize the output. Fig. 4 shows the magnetic circuits of a field-winding synchronous machine (FWSM) and that of the PMaSM. In the FWSM, the flux of the rotor-pole body  b,con is equal to the flux produced by the FW  bf,con and armature flux  a,con when the leakage flux between the rotor pole shoes are neglected, therefore,
On the other hand, in the PMaSM, the total PM flux  m enters both the stator and rotor as  am and  bm , respectively. Therefore, the total flux at the rotor-pole body  b,pro and the total armature flux  a,pro in the PMaSM can be expressed, as follows:
where  bf,pro is the flux produced by the FW in the PMaSM.
Substituting  bf,pro in (2) into (3) yields
Then, let us consider the difference between the total armature flux of the PMaSM and that of the FWSM. When the total flux at the rotor-pole body  b,pro in the PMaSM is equal to  b,con in the FWSM, the expression (4) can be written by (1), as follows:
Therefore, the total increase of the armature flux by the PMs is equal to the total PM flux  m although  m enters both the stator and rotor. This fact implies that the output of the PMaSM can be increased by maximizing  m . From the magnetic circuit shown in Fig. 4 , the relationship between  m and the MMF of the PM F m can be expressed, as follows: where R b , R m , R g , are the resistances of rotor-pole body, PM, and air gap, respectively. The first term in the right hand member in (6) is considerably greater than the second term. Therefore,  m can be approximately expressed, as follows:
where M,  m , l m , d m are the magnetization, recoil permeability, length, and width of the PMs; C is the core length. This expression implies that  m can be increased by maximizing the width d m , whereas  m is not related to the length l m .
IV. DESIGN MODIFICATION AND RATINGS
According to the discussions in the previous section, a novel rotor of the PMaSM is designed, as shown in Fig.  5 . The PM width is enlarged as well as possible under the limitation of the rotor size. The rotor diameter, FWs, and the volume of the PMs of the novel design are identical to those of the initial design. Fig. 6 shows the FEA results of relative permeability distributions under no-load condition. It is observed that the magnetic saturation at the rotor-pole body is significantly reduced by the PMs in the PMaSM as compared with the FWSM. In particular, the saturated area almost disappears in the modified PMaSM. On the other hand, new saturated area appears at the rotor-pole shoes of the modified PMaSM according to the increase in the PM flux.
Then, the prototype machines are manufactured in order to confirm the validity of the modified design of the PMaSM. Fig. 7 shows the measured and calculated no-load saturation curves of the machines. Both the measured and calculated results indicate that the no-load voltage of the modified PMaSM is the largest among the investigated machines. On the other hand, the maximum voltage increase by PMs in the modified PMaSM is nearly 150% of that in the initial PMaSM, whereas it is expected to be 300% by (7). One reason of this overestimation in the simple magnetic circuit is considered to be the neglect of the saturated area at the rotor pole shoes in the modified PMaSM, as shown in Fig. 6 (c) . In addition, the calculated voltages by the FEA are also slightly larger than the measured results. This must have been caused by the neglect of the effect of punching and shrink fitting of the cores [4] .
From the no-load saturation curves in Fig. 7 , the rated voltages of each machine are determined by considering an appropriate saturation factor. Table II lists the rated voltages and capacities when the saturation factors of all the machines are set to be nearly 1.1. The outputs of the initial and modified PMaSM increase by 26% and 37%, respectively, as compared with the FWSM. 
V. VERIFICATION OF LOAD CHARACTERISTICS
The output, losses and efficiency of the modified PMaSM are confirmed by both the measurement and FEA. Fig. 8 shows the measured and calculated output characteristics of the machines along with capacitive, resistive and inductive loads. The power factors of the capacitive and inductive loads are set to be 0.8. In both the measurement and the calculation, the line-line voltages of each machine are set to be the rated voltages listed in Table II, PMaSM for identical I f near the rated load conditions. Note that the outputs of all the machines are also overestimated in the calculation. Fig. 9 shows the measured and calculated efficiencies of the machines. Both the measured and calculated results indicate that the efficiency of the modified PMaSM at the rated output increases by 3 to 4% as compared with the FWSM under all the load conditions. In addition, the efficiency of the modified PMaSM is slightly larger than that of the initial PMaSM. From the results of Figs. 8 and 9, the validity of the novel design is confirmed. Note that the efficiencies of all the machines are also overestimated in the calculation, particularly in the case of the inductive load condition. In addition, the efficiencies of all the Cal.
Exp.
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Exp. machines decrease under this load condition as compared with the other load conditions. Fig. 10 shows the calculated loss of the machines at the rated output of the modified PMaSM. It is observed that the total loss of the modified PMaSM is the smallest among the investigated machines under all the load conditions. The main reasons of this loss reduction are as follows: a) Decrease in the armature copper loss according to the decrease in the armature current with the increase in the rated voltage. b) Decrease in the field copper loss, which is attributed to the effect of PMs. On the other hand, the iron loss of the modified PMaSM is the largest because of the increase in the rated voltage. Note that the total loss increases from the capacitive load to inductive load conditions because of an increase in the field copper loss. This is the reason why the efficiency under the inductive load condition decreases in Fig. 9 . In addition, it is considered that the overestimation of the efficiency in the FEA is caused by this increase in the field copper loss. As the increase in the resistances by the temperature rise is neglected in the FEA, the field copper loss must have been considerably underestimated in the calculation under the inductive load condition. Fig. 11 shows the iron loss distributions under the resistive load conditions. It is observed that the core-loss density at the stator increases from the FWSM to the PMaSM according to the increase in the rated voltages. Fig. 12 shows the relative permeability distributions of the modified PMaSM. It is observed that the saturated area at the rotor-pole body increases from the capacitive load to inductive load conditions. This is the reason of the increase in the field copper loss in Fig. 10 . However, the field copper loss decreases by the effect of PMs even in this load condition.
VI. CONCLUSIONS
The output of a PMaSM is maximized by using small amount of Nd-Fe-B PMs. The design of the rotor is modified according to the formulation of magnetic circuit. The validity of the novel design is confirmed by the measurement of prototype machines and FEA.
It is revealed by the formulation of the magnetic circuit that the output increase of the PMaSM by the PMs is determined by the total PM flux and unrelated to the ratios of PM fluxes, which enter the stator and rotor, respectively. The total PM flux can be increased by enlarging the PM width under the constant PM volume condition.
The rated output of the modified PMaSM increases by 37 % as compared with the FWSM and by 9 % as compared with the initial PMaSM, whereas the efficiency of the modified PMaSM increases without increase in the machine size and the total magnet volume.
